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FOREWORD

The research reported herein constitutes an experimental follow-up
to theoretical work performed in an earlier phase of the same research
program sponsored by the NASA under Contract No. NASW-1668. The
initial theoretical investigation was conducted by Dr. William J. Rae and

has been reported in CAL Report No. AI-2590-A-1. Technical direction of

this program was provided by Mr. Frank E. Compitello of NASA Headquarters.

Experiments described in this report were performed in a low-
density flow facility which was designed, built and instrumented at the

Cornell Aeronautical Laboratory in a separate internally funded project.

The contributions made by Drs. W.J. Rae and P.V. Marrone through

informal discussions are gratefully acknowledged.
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ABSTRACT

Performance predictions for attitude control jets of satellites and
manned spacecraft suffer from the lack of well-substantiated theoretical and
experimental data in the fully viscous nozzle-flow regime. This paper pre-
sents an experimental investigation of the internal and external flow for
nozzle Reynolds numbers in the general range between 102 and 103 with
nitrogen as the test gas. Electron-beam techniques are used for measuring
gas density and rotational temperatures at selected points throughout the flow.
Discharge coefficients are also measured. In addition, some effects of
ambient pressure on the external flow structure are studied by flow visuali-
zation experiments. At the lower Reynolds numbers studied, experimentally
determined temperatures indicate the existence of a supersonic ""bubble"
inside the nozzle expansion-cone, with a subsequent shock-free viscous
transition to subsonic flow. These results substantiate the theoretical
prediction of this phenomenon, first made by Rae in an earlier phase of

this program.
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I. INTRODUCTION

Low-thrust rocket engines are required for providing the small cor-
rections necessary to maintain proper attitude and to make minor changes
in the trajectory of orbiting satellites and deep-space planetary probes.
Thrust levels are usually a fraction of a pound-force and may in some

6

instances be as low as 10~ lbf ( & 1/2 dyne). Small nozzle scale and low
reservoir pressures combine to give throat Reynolds numbers in the range
between 10 and 104. At the lower end of this range the viscous boundary
layer is quite thick and tends to fill the entire cross-section of the nozzle.
Under these conditions an inviscid analysis followed by a boundary layer
correction is no longer adequate, especially when transition-flow character-
istics, such as slip at the wall, have to be taken into account. Difficulties
in predicting the thrust and mass-flow levels that will occur in the vacuum
of the space environment make the flight rating of these thrusters a very

lengthy and expensive process. Frequently the uncertainty in nozzle per-

formance causes a penalty in greater system complexity.

An understanding of low-Reynolds-number flows through supersonic
nozzles is also required in the design of low-density wind tunnels. Nozzles
may be relatively large in this case, but gas densities are often correspond-
ingly low to provide the free-molecule or transition-flow conditions required
for the testing of space vehicles (e. g. the proposed space shuttle) which

spend part of their mission in the outer fringes of the atmosphere.

Few experimental data exist with respect to nozzle performance at
Reynolds numbers less than 104. Available information is to a major part
limited to gross characteristics such as thrust and discharge coefficients
and contributes relatively little to an understanding of the flow structure
itself. Discharge coefficients, for example, have been determined by
Milliganl at throat Reynolds numbers between 10_1 and 103 and recently by
Massier et al. 2 at Reynolds numbers between 103 and 106 for a few isolated
geometries. A relatively detailed survey of static and total pressures

throughout the flow in a nozzle, operating at a Reynolds number of approxi-



mately 103, has been reported by YeVSeyevs. His work also includes a study
of the effects of back pressure on the internal flow. A general review of

microrocket technology prior to 1966 is given by Sutherland and Maes4

Among several theoretical methods, which have been applied to low-
density nozzle flows, the slender-channel formulation has been found to give
a reliable description of the flow at Reynolds numbers applicable to micro-
thrust rockets. The slender-channel equations were first used by Williams5
in a similar-solutions analysis and were later applied by Rae , who obtained
general numerical solutions for several realistic nozzle configurations. The
results of Rae's calculations, which were performed in an earlier phase of
the present program, are generally consistent with the experimental pres-
sures and Mach numbers reported by Yevseyev3 at a Reynolds number of 103.
The series of experiments described in the present paper was initiated for
the purpose of substantiating some of the predictions made by Rae6 at lower
Reynolds numbers, and for providing new data which may be used as a basis
for formulating an improved version of this theory. One of the more start-
ling features of this theory is the prediction of a closed supersonic region
embedded in a viscous subsonic flow at a Reynolds number of 100. A con-
firmation or refutation of the reality of such a supersonic ""bubble' consti-
tutes a critical test of the slender-channel formulation. The range of

experimental conditions was chosen to make this test possible,.

An electron-beam fluorescence probe was used in the present ex-
perimental program as the primary diagnostic tool for determining gas
densities and temperatures throughout the flow field. The investigation was
carried out in a steady-flow low-density tunnel at nozzle Reynolds numbers in
the range 100 £ B < 1500. For the sake of easy comparison with Rae's
calculations,the Reynolds number B used here is identical with his and is
defined by

B = Qoa"rk/""o , (1)

where @ and p are gas density and viscosity in the stagnation chamber.

The symbol {i represents the adiabatic escape speed (& =42H, ), and




r

is the throat radius. For a diatomic gas ( ,{ = 7/5), B is related to the

more commonly used throat Reynolds number, Re,, based on flow counditions

e ?
K

in the throat and the throat radius, by
B = 3'5 RC* 4 (2)

In the following section the electron beam technique for determining
static temperatures and densities in nitrogen is briefly reviewed. (This is
not meant to be a complete survey of previous work in this field.) The in-
strumentation and experimental procedure are described in Section III.

Results are presented and discussed in Section IV.



II. ELECTRON BEAM TECHNIQUE

When a well-collimated, high-energy, low-current electron beam
is passed through a gas a minute fraction of the gas molecules is excited to
higher-lying electronic states through inelastic collisions. Spontaneous
transitions to lower energy levels gives rise to a fluorescence, which is
largely confined to the volume pervaded by the electron beam, due to the
short lifetimes of the excited states. At low pressure levels ( < 0.5 torr)
collisional quenching effects are unimportant, and the radiation emitted from
a small volume of gas in the electron beam is directly proportional to the
local number density of molecules and, hence, can be used to determine
mass densities at a point in a gasdynamic flow. This method was first pro-
posed and used by Schumacher and Gadamer7, and has since found acceptance
as a routine technique for measuring gas densities in low-density aerodynamic

research.

At low pressures the spectrum of electron-beam excited nitrogen
o7, which

are the result of transitions from the B 22:_ state to the ionic ground state,

consists primarily of the bands of the first negative system of N

X ZZ; . The most intense band of this system is the 0-0 vibration-
rotation band, the bandhead of which lies at a wavelength of 3914 ;\ It is
this band which was analyzed spectrometrically in the present study to
derive gas densities and temperatures. The rotational fine-structure in
this emission band is indicative of the relative number distribution of excited
molecules among the rotational energy levels of the B ZZI:L state. If the
statistical rules governing the excitation process from the neutral ground
state to the B ZZ.'L state are understood, the original undisturbed population

of the rotational energy levels in the ground state can be derived.

When a gas molecule absorbs a quantum of energy from a passing
electron of kilovolt energy, the process of excitation, due to the rapidly
changing electro-magnetic field of the moving electron, is not unlike the
excitation produced by the absorption of a photon. Consequently, it may be

assumed that the optical selection rules can be applied to the electron-beam




excitation process. This assumption was employed by Muntzs, who first
suggested that the electron beam may be used to determine gas temperatures
in nitrogen flows. He showed that the method gives accurate temperature
measurements in the range between 300 °K and 400 °K. Experiments per-
formed subsequently in expanding flows of nitrogen by Robben and Talbotg,
Marrone1 , Ashkenasll, and Petrie and Boiarski12 have shown that even
very low temperatures can be determined in supersonic flows by the electron

beam method, provided the following conditions exist:

1. The flow is expanding at a rate slow enough and at densities
high enough for the rotational degrees of freedom to remain

in equilibrium with translational random energies.

2. The radiation analyzed derives from excited molecules
which have been produced by collisions with high-energy

electrons only.

If condition 1 is satisfied, a Boltzmann distribution is generally
observed for the rotational energies of the molecules. However, under
extreme nonequilibrium conditions, as found in shock compressions and low-
density free jet expansions, pronounced non-Boltzmann distributions have

0,13

been observedl for the rotational degrees of freedom.

The second condition is necessary to exclude the effects of low
energy secondary electrons. For excitation by low-energy electrons
( < 200 eV) the optical selection rules are known to be violated (see e. g.
Polyakova et al. 14), so that the method of interpretation used by Munt28
would indicate an apparent non-Boltzmann distribution of rotational energies.
Since a fraction of the electron beam luminescence is caused by low-energy
secondaries (Harbour et al. 15), produced in ionizing collisions of primaries
with gas molecules, a small apparent deviation from Boltzmann behavior is
generally observed. This is most pronounced for the rotational lines cor-
responding to higher rotational quantum numbers (K > 10). If this effect is
ignored the measured rotational temperatures are generally too high. The

discrepancy is of the order of 10 K° and is approximately constant over the

temperature range of interest here. Petrie and Boia.rski12 have studied this




effect under conditions where rotational freezing was absent, and have found
that, if care is taken to observe the center of the electron beam only, and if
the low-intensity lines in the tail of the band are excluded from the analysis,
then the discrepancy does not exceed 5 K° in the temperature range from
20°K to 300°K. Under these conditions, the effect of secondary electrons
on the measured temperatures is negligible at room temperatures and
becomes important only at extremely low temperatures. At static tempera-

tures above 50°K the error amounts to less than 10%.

The change with temperature of the rotational fine-structure in the
R-branch of the 0-0 band of N2+(l-) is illustrated in Fig. 1, which shows two
records obtained during the present experimental program with a scanning
spectrometer described in the next section. The wavelength range scanned
is only about 20 Pos, which gives an indication of the spectral resolution re-
quired ( = 0.5 ;s). The K’ numbers are the rotational quantum numbers of
the excited molecules in the B ZZL state. Even-numbered lines have one
half the intensity of the odd-numbered lines, due to the different statistical
weights of the rotational levels. The decrease in the population of the
higher rotational states with decreasing temperature is clearly evident in
Fig. 1. At 250°K lines of maximum intensity correspond to K =6and7,
whereas at 80°K this maximum has shifted to lines K' = 3 and 4. Also, at
the lower temperature a much faster drop-off of line intensity is observed

in the tail of the band.

Under equilibrium conditions the rotational temperature, TR’ is
defined by the ratio of any two line intensities (e. g. K =3and K = 9). More
accurate temperature determinations are obtained, however, by making use
of all the line intensities in a procedure described by Muntzs. This method
of data reduction also provides information about a possible non-Boltzmann
distribution of rotational energies. The procedure followed throughout the

present experiments is similar to that of Muntz and is described hereunder.

For the R-branch of the 0-0 band the line intensity, I(K'), for a

given rotational temperature, TR’ is given8 by

, , SK(K+1) B/ Tq
I(K') = (constant) 2 K'G (K’, Tg) (A,/2)* e R, (3)

6




where A 1is the wavelength of the line, and A,1is a reference wavelength,
here taken to be that of the rotational line corresponding to K’ = 1 (i.e. A,
= 3909.7). The factor @R in the exponent is the characteristic rotational
temperature of the nitrogen molecule in the Oth vibrational level. The numer-
ical value of G)R is 2.87°K (see e. g. Herzberglé). The function G(K/ s TR),
which includes the Honl - London rotational transition probabilities, may be
expressed as
-2(K'*+1) B,/ Ty . 2K 6,/ Tq
(K'+1) e + K e

2 K'+1

G (K, T,) = (4)
Equation (3) is valid only for temperatures below approximately 800°K, to
preclude any appreciable population in all but the lowest vibrational level.
A convenient form of Eq. (3), which indicates more directly the method

of data reduction, is obtained by rewriting it as

I(K) 1 6k
2K'G(A/A)* 23 T,

logy K'(K't+1) + const. (5)

To derive a rotational temperature from the recorded spectrum,
relative line intensities were first obtained by measuring the heights of the
lines in the band. For even-numbered lines the intensities were multiplied
by a factor of two. The relative line strengths were then normalized by
dividing each line intensity by its corresponding value of 2K’ G(A,/A )4.
Logarithmic values of this function were calculated with the aid of a computer
for the first 21 lines in the band and over a temperature range from 2°K to
800°K. A table of these calculated values can be found at the end of this
report (Table 1). Since G is itself a function of TR’ a value of TR was first
estimated from the ratio of two of the line intensities. This temperature was
sufficiently accurate, so that the correct normalization factors could be
determined without further iteration. When the logarithms of the normalized
line intensities are plotted against K’ (K" + 1), the pattern of points defines a
straight line for a Boltzmann distribution of rotational energies (Fig. 2). The
inverse slope of this line is proportional to the rotational temperature
(see Eq. 5).



So as to minimize the effect of secondary electrons on the tempera-
ture determination, all line intensities in the tail of the band which measured
less than 10% of the maximum line intensity were omitted in the data reduction
for reasons discussed earlier, The cut-off point at 10% maximum intensity
was an arbitrary choice, but was consistent with the signal-to-noise ratio
for most of the recorded data, Lines beyond the cut-off point were generally
affected by the random noise to the extent that intensities could no longer be
determined with sufficient accuracy to be useful in defining a rotational
temperature., For example, the data analysis was restricted to the first 13
lines at 200°K and to the first 7 lines at 50°K. The information thrown
away in the tail of the band pertains to a small fraction of the total rotational
energy in the gas only, so that the temperatures calculated are still repre-

sentative of the state of rotational excitation.

Within the limits of the described data analysis no deviation from
Boltzmann behavior was observed. Random experimental errors varied
from + 1% to + 5% and were estimated from a statistical analysis of the

scatter of points around the straight-line plot.




III. EXPERIMENTAL ARRANGEMENT AND PROCEDURE

All experiments were performed in the test section of a steady-flow
low-density tunnel, which was designed and assembled for the purpose of
testing low-mass-flow devices of the type discussed in this report. Meas-
urements of gas density and temperature were obtained by the electron beam
technique described in the previous section. To generate the electron beam,
an existing electron gun system, which had been used in a previous set of

17,18

experiments, was modified and mounted on top of the test section of

the new facility.

1. Low-Density Tunnel

Two views of the low-density tunnel and the electron gun are shown
in Figs. 3 and 4. The test section is rectangular and is 36 cm wide, 40 cm
high and 100 ¢cm long. It is made from mild steel, which helps to shield the
interior from possible transient magnetic fields originating from electrical
apparatus located elsewhere in the laboratory. Magnetic shielding aids in
maintaining proper beam alignment during the experiments. The test section
has four circular access ports (diameters are 15, 20, 30 and 30 cm), which

can be used for observation windows or for mounting instrumentation,

The mass flow capability of the tunnel is provided by an Edwards
18B4 oil-vapor booster pump, which has an unbaffled pumping speed for air
of 3000 1/s at 1 wHg and of 1500 1/s at 50 wu Hg. The booster pump is backed
by a 60 1/s rotary pump. The test section may be isolated from the booster
pump by a 30 cm water-cooled right-angle isolation valve. The valve body
forms an integral part with a 30 cm diameter duct connecting the test section
to the booster pump (Fig. 4). The valve can also be locked in any arbitrary
partially open position to throttle the mass flow through the tunnel. A freon-
refrigerated chevron baffle is used on top of the booster pump to condense
pump fluid vapors in order to prevent them from entering the test section.
The flow impedance caused by the baffle and the valve reduces the effective
pumping speed of the tunnel to approximately 1500 1/s at 1 « Hg and to 1000
1/s at 50 u Hg test section pressure.



The experimentally determined mass flow characteristics of the
tunnel for nitrogen are given in Fig. 5. A calibrated flow meter (see Sec.
III, 2) was used for determining these values. At a test section pressure of
10 p Hg the unthrottled mass flow rate for nitrogen is 1 g/min. The max-
imum mass flow that can be handled by this facility is approximately 5 g/min

at a test section pressure of 70 n Hg.

Gas pressures in the test section can be measured accurately by a
liquid-nitrogen-trapped mercury McLeod gauge (CVC-100A). In addition,
a Varian '"Millitorr MIG-10" high-pressure ionization gauge with a range of
10-5 to 1 torr is mounted on the side of the test section for providing approx-
imate but instantaneous readings of the test section pressure. A large dial-
type 0-20 torr diaphragm gauge serves as an indicator for ensuring that the
pressure in the backing line of the booster pump stays below the limiting

pressure of 2 torr.

The preceding description refers to the basic vacuum chamber and
associated pumps. Additional apparatus and instrumentation, assembled
specifically for the present experiments, is discussed in sequence in the
following subsections. A general outline of the experimental arrangement
is presented in Fig, 6. Grouped around the test section are three sub-
systems: the stagnation chamber, SC, with nozzle, N, and gas metering
system, F; the electron gun, G, projecting an electron beam, B, vertically
through the test section; and finally an optical mirror system, O, and two
spectrometers, S1 and SZ’ for analyzing the beam luminescence. In the

following paragraphs it will be helpful to refer back to the general outline

in Fig, 6.

2. Stagnation Chamber and Flow Meter

The stagnation chamber and nozzle holder, SC (Fig. 6), projects
into the test section through one of the side ports. It consists of a 5 cm
diameter stainless steel tube, which telescopes into a larger tube mounted
on a movable flange (Fig. 7). With this arrangement the stagnation chamber
can be aligned laterally and axially for positioning the nozzle relative to the
electron beam. It can also be translated at a uniform rate in the axial

direction by means of a lead-screw assembly driven by a synchronous motor.

10




A second motor-driven slide assembly (Fig. 7), which moves at the same
rate as the nozzle, has been built as a camera platform for the purpose of

flow visualization.

The structure of low-density nozzle plumes or free jets can be
photographed by moving the electron beam relative to the flow field in a
plane defined by the beam and the flow axis, while taking a time exposure of
the beam luminescence. Since the beam luminescence is everywhere pro-
portional to the gas density, a density map of a two-dimensional flow section
is recorded on the film. The technique has been described in an earlier
paper. 19 With the present arrangement, the nozzle and the camera, C
(Fig. 6), which observes the electron beam through the glass window, W,
are moved at uniform and equal velocities relative to the stationary electron

beam.

The gas flow into the stagnation chamber and through the nozzle can
be adjusted by a fine-control needle valve, V, and can be measured with a
calibrated flow meter, F (Fig. 6). The latter is a Fischer-Porter '""Tri-
Flat'" flow rater and consists of a graduated tapered glass tube and an inter-
changeable 3.2 mm diameter spherical float (sapphire, stainless steel, or
tantalum). Float materials of different specific weights are used for dif-

ferent mass flow ranges.

In the experiments the flow meter has been used with nitrogen
(Matheson, High Purity grade) at a pressure, pg» of 20 psia (1034 torr).
Mass flow rates of nitrogen through the nozzle are determined from cali-
bration curves supplied by the manufacturer for this flow meter. Quoted
accuracy of the calibration is £ 2% of full-scale deflection. Full-scale
readings correspond to mass flow rates of 3.3 g/min with the tantalum float
and 1.4 g/min with the sapphire float. Stagnation chamber pressures, P
in the range between 0 and 20 torr are measured with a mechanical diaphragm

gauge connected to the stagnation chamber.

11



3. Electron Gun System

The electron gun employed in the present experiments has been
described in Ref. 17. For completeness, a brief description of this unit is

repeated here.

The 15kV electron beam is produced by a standard cathode-ray gun
(Superior Electronics, SED-110) with an indirectly heated alkaline-earth
cathode and electrostatic focusing lenses. The gun is housed in a stainless-
steel chamber maintained at a vacuum of approximately 10-6 torr by a liquid-
nitrogen trapped oil-vapor diffusion pump. From the gun chamber the electron
beam passes through a small aperture into an intermediate-pressure chamber,
IC (Fig. 6), and from there through a second aperture into the test section.

A continuously pumped intermediate-pressure chamber is required to main-
tain a satisfactory vacuum in the gun chamber, when the test section pressure
is above 10-3 torr., The upper aperture consists of a 2 mm diameter hole in
a 6 mm thick copper plate; the lower aperture is a 1 mm hole in a similar
plate, Alignment of the electron beam with respect to the apertures is

achieved by shifting and tilting the electron gun mechanically.

After passing vertically through the test section the electron beam
is terminated in a collector cup at the bottom of the test section. The beam
collector consists of a hollow copper block lined with a graphite insert.
The copper block is electrically insulated from ground by a boron-nitride
support, so that the beam current can be measured with a micro-ammeter.

Beam currents between 100 and 200 ;- A can be obtained with this gun.

The electron beam may be passed through different regions of the
flow by moving the nozzle, N, with respect to the electron beam. Keeping
the electron beam fixed in the laboratory frame of reference has the advant-
age that the optics need not be re-aligned, when the point of observation is

moved to a new position in the flow field.

4. Optical Instrumentation

The electron beam fluorescence is analyzed by two separate spec-
trometers, S1 and SZ’ which view the beam from the downstream direction
(Fig. 6). The optical system, O, can be adjusted to form an image of the
electron beam in the entrance-slit plane of either instrument. The slits are

)

12




masked, so that light originating in a small volume of the beam only can
enter. A test section window made of quartz is used to assure uniform

transmission of light in the near ultraviolet.

The optical imaging system consists of three mirrors, two plane
diagonals, M1 and MZ’ and a spherical collimator, M3, mounted vertically
above the diagonals. Mirror M2 can be turned through 90° around a vertical

axis, and mirror M. can be rotated around a horizontal axis by a motor-

1
driven linkage. The mirror arrangement and linkage design are shown in

more detail in Figs. 8 and 9.

Rotational temperature determinations are made with diagonal
mirror M2 in the position shown in Fig. 6. In this position the spherical
mirror, M3, produces a real, full-size image of the beam at the slit of a

3/4 m grating spectrometer, Sl’ which has a Czerny-Turner arrangement
+

of mirrors and a /6. 5 aperature. The rotational fine-structure of the N2

band is determined with this instrument, which is used in second order,
where the linear dispersion is 5 z&/mm. The entrance slit is 0,030 mm wide
and 1 mm high and is parallel to the beam image. The slit opening defines
the spatial resolution for this type of measurement. To analyze the molec-
ular band structure the spectrum is scanned across the 0.1 mm wide exit
slit by rotating the diffraction grating. An EMI-6256S quartz-window photo-
multiplier with a modified S-13 response serves as the detector. The
photomultiplier signal is amplified by an electrometer, A, and recorded with
an ink-pen recorder, R. Approximately 3 minutes are required for a typical

scan.

For measuring local gas density, the mirror M, is rotated 90°

2
around a vertical axis (Fig. 8), so that the beam image is formed on the slit
of a low-dispersion (33 A/mm) Ebert-type grating spectrometer, SZ' This

arrangement of mirrors Ml to M, produces a horizontal image perpendicular

to the S2 spectrometer slit. Witl’f this image orientation the density meas-
urements are independent of beam spreading due to small-angle scattering.
The entrance slit is 0.5 mm wide and 10 mm long. Here the resulting

spatial resolution is determined by the electron beam diameter ( & 1 mm)

in the horizontal dimensions and by the 0.5 mm slit width in the vertical
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direction. The exit slit is 2 mm wide, so that the entire N2+ (0, 0) band falls
within the flat portion of the trapezoidal slit function. For temperatures
below 300°K essentially all molecules are in the vibrational ground state,
and the integrated band intensity serves as an accurate measure of gas
density. Band intensities are measured with a 1P28 photomultiplier and are

recorded as before.

The point of observation can be moved up and down the electron
beam by rotating the diagonal mirror Ml around a horizontal axis. This
permits densities and temperatures to be determined at off-axis points in
the flow. Rotation of this mirror is controlled by a linkage and a motor-
driven micrometer (Fig. 9), such that the micrometer reading corresponds
directly to position along the electron beam. Radial density profiles through
the flow field are obtained by moving the point of observation along the beam
at uniform speed, while recording the total band intensity as a function of

time.

Figure 10 gives an overall view of the experimental setup. The
low-density tunnel with the electron gun and associated pumps fills much of
the central portion of the photograph. On the left are the optical spectrom-
eters and recording instruments. The flow meter and pressure gauges are

visible on the right.

5. Preliminary Tests

A series of experiments was performed to test and calibrate the
electron beam probe and the optical instrumentation in a known flow field.
Such a flow is an underexpanded free jet expanding from a sonic orifice.

Free jet structure is relatively well understood from previous theoreticalzo’ 21

and experimentalzz’ 23,24, 10 work.

A free jet exhausting into an ambient gas at non-zero pressure is
characterized by a closed pattern of shock waves, which surround the ex-
pansion plume and isolate it from the effects of the ambient pressure. The
shock pattern consists of a barrel-shaped shock enveloping the jet and a
plane shock which is normal to the streamlines and terminates the expan-

sion. This normal shock is generally referred to as the Mach disc. The
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distance, Zyp between the sonic orifice and the Mach disc has been

founle’ 22,23

to be proportional to the orifice radius, r,, and to the square
root of the pressure ratio across the orifice, and is given by the empirical

law

1
ZM = 3 r;k (po/pw )2, (6)
regardless of the specific heat ratio, 4/ , of the gas.

For a given pumping capacity of the tunnel, the pressure ratio,
po/pw » which can be maintained across the orifice, is indirectly propor-

tional to the orifice area. When the mass flow equations describing tunnel

performance are combined with Eq. (6), then the distance zy g 18 fou.nd23 to

be proportional to the square root of the volumetric pumping speed, V, of

the tunnel, independent of orifice size. The derived relation is
-1 ({+1)/ 4(4-1) 1
2y« e (AL )Ry v, ™)
moosm T om 2

where R is the universal gas constant and M is the molecular weight of the

test gas. In this equation the dependence of z\[ OB 7 is very weak. A change

. If,
M
furthermore, the volumetric pumping speed of the tunnel is inversely pro-

in the value of ¥ from 1.3 to 1.67 produces only a 4% variation in z

portional to the square root of the molecular weight (a good approximation
for most pumping systems), then Zy g becomes essentially independent of the

gas used and can be considered a figure of merit of the particular facility.

In the preliminary tests, free jet plumes of argon, helium, carbon-
dioxide and nitrogen were produced with a sharp-edged 5 mm diameter
orifice. Flow visualization photographs, acquired by the technique described
in Subsection 2, are shown in Figs. 1l and 12. Jets in Figs. 11 and 12A
were obtained with the maximum available pumping speed of the tunnel and
with a stagnation pressure of 9.8 torr. For Ar, N2 and COZ the observed
value of Zp is approximately 67 mm. This figure is consistent with Eq. (7)
and the pumping speeds determined with the flow meter{ &~ 1600 1/s for N,
and correspondingly less for Ar and COZ)'
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If the inverse proportionality of V to the square root of the molec-
ular weight were exact, then the pumping speed for helium should be 3.2
times that for argon. For the type of diffusion pump used in the present
facility, the actual pumping speed for helium is only about 2.2 times the
volumetric pumping rate for argon. Consequently, in the helium jet (Fig. 11,
center) the Mach disc lies closer to the orifice than for the other jets.
Furthermore, the barrel shock and Mach disc are considerably more diffuse

for helium due to the higher value of its viscosity at similar temperatures.

Whereas the distance to the Mach disc is insensitive to ¢ for a.
given pumping capacity, the Mach disc diameter is not. The latter approxi-
mately doubles as 4 decreases from 1.67 for argon to 1.28 for co, (Fig. 11).
A corresponding widening of the plume and an increase in the angle of incli-
nation of the jet boundary at the orifice are also evident from the photographs.
This behavior is consistent with calculations performed by Love et al. 21

using the method of characteristics.

The free jets of Fig. 12 were all obtained with nitrogen as the test
fluid. A comparison between Figs. 12A and 12B demonstrates the change
occurring in the free jet structure when the jet Reynolds number is decreased
by a factor of 1/2 with no appreciable change in the orifice pressure ratio.
Owing to the increased importance of viscous effects in Fig. 12B the shock
pattern has become so diffuse that the Mach disc is no longer recognized as
a separate feature. The general size and shape of the expansion cell has
remained the same, however. It was shown in Ref. 24 that thle dimension-
less Mach disc thickness 6/ZM is proportional to ( Py Peo )"2 for a given
gas and a fixed orifice size and stagnation temperature. Consequently, the
shock thickness for the jet in Fig. 12B is approximately twice that for the
jet in Fig. 12A,

When the jet Reynolds number is kept constant (constant po), but
the pressure ratio across the orifice is decreased from 323 to 100, the
appearance of the free jet changes from that of Fig. 12B to the configuration
of Fig. 12C. In accordance with Eq. (6) the size of the expansion cell of
Jet C has decreased to 0. 56 times the size of jet B ( or A). At the same time

the thickness of the shock envelope has decreased by an additional factor of
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N~

0. 56 because of the change in the quantity (po By ) . The definition of

the barrel shock and Mach disc is thereby increased almost to the level of

the definition present in Fig. 12A,.

By scanning along the electron beam with the rotating mirror, a
series of radial density profiles through the plume of a nitrogen free jet was
obtained, The conditions for this jet (po = 9.2 torr, r, = 2.5 mm) were
similar to those for the jet depicted in Fig. 12A. The experimental density
profiles have been arranged in Fig. 13 in a sequence of increasing distance,
z, from the orifice, The first and last profiles are 1.5 cm and 10 ¢cm from
the orifice, respectively, The width of each profile represents a distance
of 10 cm measured diametrically through the plume. Between z/r, = 6 and
z/r, = 12 the most notable features of the free jet are the rapid decrease in
axial density and the gradual development of the barrel shock. For distances
larger than 12r, the central density is below the ambient density (equivalent
to 29/u,Hg) until the flow passes through the Mach disc, the center of which
lies between 26r, and 27r,. Profiles for z/r, > 28 describe the region down-
stream of the Mach disc, In this region the most prominent feature is the
reflected barrel shock, which gradually dissolves with increasing distance

from the Mach disc due to the viscous nature of the flow.

Densities and temperatures determined at points along the axis of
this free jet are compared with isentropic theory in Fig., 14. The thermo-
dynamic variables have been normalized here by the corresponding stagnation
chamber properties. The densities given represent the center points of the
set of radial density profiles in Fig, 13, The extreme points of each radial
density scan lie outside of the free jet and serve as calibration poirits, since
the ambient density is known from the measured pressure and temperature
in the test section. Densities elsewhere along the profile are taken to be
proportional to the photomultiplier signal, which in this case represents the
integrated band intensity. For z/r, < 16 the measured centerline densities
are in excellent agreement with isentropic theory. The isentropic curves
are based on Owen and ”_['hornhill's20 method of characteristics calculations
in the far field and on measurements reported by Ashkenas and Sherrna\n23

near the orifice, For large values of z/r>,< the density is expected to fall off
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as z-2 (see Ref. 23), Atz/r, > 16 the experimental densities deviate from
the isentropic curve because of the flow going through the Mach disc there.
Close to the orifice the agreement is good to distances as small as z/r* = 2.
The local pressure at this point is approximately 0.5 torr, Hence, it r;nay be
concluded that the band intensity is approximately proportional to gas density
up to pressure levels of several hundred microns. At higher pressures
quenching effects become important (Brocklehurst and Downingzs), and

suitable corrections should be applied.

Measured temperatures deviate from the isentropic curve in a
region where the density still decreases as the inverse square of distance.
The present measurements agree closely with data by Marronelo(dotted curve)
for a similar Reynolds number (por>:< = 20 torr-mm compared with 23 torr-mm
for the present jet), The observed deviation may be interpreted as rotational
freezing in the rapidly expanding free jet. The question of the possibility of
rotational freezing in nozzle flows will be discussed in Section IV, Nonequilib-
rium effects of this type are not expected, because the nozzle flows investigated

expand at a considerably slower rate than this free jet.

The results of the preliminary experiments have demonstrated the
usefulness of the flow visualization technique; and the method for obtaining
radial density profiles, by scanning along the electron beam with a rotating
mirror, has proven to be a workable procedure. The agreement of meas-
ured densities and rotational temperatures with theory and previous experi-
ments has shown that the present arrangement of the optical instrumentation
and the method of data reduction are suitable for obtaining accurate values
of these quantities at selected points throughout an expanding supersonic

flow.

6. Nozzles and Their Interaction with the Electron Beam

Nozzle Construction

For the study of low-density viscous nozzle flows two supersonic
nozzles with different throat diameters were fabricated (Fig. 15). Both nozzles

are machined from black graphite to reduce optical reflections. The low
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atomic number of carbon also helps to minimize backscattering of beam
electrons and emission of secondary electrons, when the beam is terminated
on or in the nozzle. The internal contours of the nozzles are geometrically
similar, and the throat diameters are 5.1 mm and 2.5 mm. FEach nozzle has
a conical subsonic portion with a 30° half-angle and a diverging supersonic
expansion cone with a 20° half-angle, A relatively sharp throat is used with
a longitudinal radius of curvature equal to 1/4 the throat diameter (or r_/2),

The area ratio at the exit is 66,

Small holes are drilled through the top wall of each nozzle to permit
the electron beam to enter the nozzle interior. The hole diameters decrease
towards the throat and are less than two local molecular mean free paths for
the majority of the present tests. Hence, the flow disturbance caused by
these holes is considered negligible. The nozzles are built from two halves,
which are electrically insulated from each other and from ground, so that
the portion of the electron current intercepted by each half can be measured
separately. This feature makes it possible to optimize the alignment of a
given hole with respect to the electron beam and to determine the beam cur-

rent inside the nozzle.

Reynolds Number Regimes

Flow visualization studies of the external plume structure have
indicated that the flow inside the nozzle is adversely affected if the ambient
test section pressure exceeds the jet pressure at the nozzle exit. Because
of pumping limitations, the 5 mm nozzle could only be used at Reynolds
numbers, B, below 600, if adverse effects due to the ambient pressure were
to be avoided. For a fixed stagnation temperature, the mass flow through
the nozzle is proportional to por*2 or Br,. Hence, for a specified mass flow
(and a corresponding test section pressure) the nozzle Reynolds number is
inversely proportional to nozzle size. Therefore, if the mass flow is to be
kept constant, T, must be decreased in order to increase B. Conversely,
for a specified value of B, the smaller nozzle can be operated at a lower
test section pressure, For this reason the 2.5 mm nozzle was used for all
data above B = 600, Minimum test section pressures as a function of stagna-

tion chamber pressure are given in Fig, 16 for the two nozzles.
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Wall Heating

Figure 17 is a photograph of the electron beam traversing the inside
of the 5 mm nozzle through the outermost hole. Since, under these circum-
stances, all the kinetic energy of the electron beam (1.5 W) is intercepted
by the nozzle surfaces, the local wall temperature may increase by as much
as 100°K (calculated value) if exposed continuously to the beam, To prevent
hot nozzle walls from influencing the measurements, only one density scan
or temperature determination was performed at a time, The electron beam
was then immediately turned off (or the nozzle was moved out from under it),
and a high mass flow ( > 1 g/min) of nitrogen was passed through the nozzle
for a minimum period of 10 minutes, to bring the wall temperatures back to
the adiabatic equilibrium values before proceeding with the next measurement,
The 10 minute interval was found to be more than adequate, since variations
in the cooling time produced no change in the gas temperatures measured

near the wall,

Current Measurement

The electron current entering the nozzle interior was generally
less than half the original beam current leaving the gun, because a fraction
of the beam was stripped off at the hole in the top wall of the nozzle. A
knowledge of the electron current at the point of measurement is not
necessary for temperature determinations. However, in order to con-
vert beam intensity to gas density an effective value of the local beam current
must be known. This requirement poses a problem for the measurement of
gas densities inside the nozzle. Due to backscattering and secondary
emission of electrons at the nozzle surfaces, the current indicated by the
bottom half of the nozzle is generally not equal to the effective number flow
of high energy electrons through the volume of observation. For the same
reason, the sum of currents intercepted by both nozzle halves was found to be
lower than the original beam current (measured with the collector cup). The
discrepancy varied with beam position in the nozzle, but was never more

than 20% of the undisturbed beam current.
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Calibration and Data Reduction

To relate measured currents and beam intensities to local gas
densities, a separate calibration study was made under uniform density
conditions. In these experiments the test section and stagnation chamber
were filled with nitrogen to a specific pressure level (between 10 and 100 o¢
Hg), and the total beam current was measured with the Faraday cage. The
nozzle was moved into position for the electron beam to enter one of the
holes in the nozzle wall, The beam luminosity (0-0 band of N2+) was recorded
as a function of distance along the beam, At the same time the currents
intercepted by the nozzle halves were measured. This procedure was
repeated for each hole and for several density levels, A sample of such a
constant-density scan obtained at a pressure of 50/4 Hg is presented in
Fig, 18A.

The recorded profile indicates that the luminosity along the beam
varies with position, The increased radiation near the points where the
beam is intercepted, at the top outside and the bottom inside walls, is
caused by backscattered and secondary electrons with energies above the
19 eV required to excite the first negative system of N2+. The shape of
the internal luminosity profile was found to be relatively insensitive to gas
density, which indicates that the electrons involved in the excitation process

have considerably higher energies than 19 eV,

This situation made it possible to obtain density profiles for nozzle
flows by dividing the recorded intensity profile by the constant-density
luminosity curve (Fig. 18B). All density cross-sections determined in this
way were symmetrical with respect to the nozzle centerline; a fact, which
substantiates the validity of this procedure. Having established the relative
shape of a density profile, an absolute value of the centerline density was then
determined by relating it to the known ambient density outside the nozzle.

The procedure makes use of the measured current ratio and the constant-
density calibration of luminosity versus measured beam current, A detailed
description of this procedure is indicated in the equation on top of Fig. 18B.

The last term of this equation converts 9c/?oo to ?c /90 . If the measured
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current, Ji, inside the nozzle were equal to the effective beam current there,
the product of the first and third terms would give the correct value of 3%/90 .
The second term is a correction for the measured current ratio, Joo / Ji’

and is obtained from the constant density calibration. This term was always
close to unity and ranged from 0. 85 for the outermost hole to 1. 15 for the
hole nearest the throat, In this method of data reduction it is assumed that
the gas flow does not influence the current measurements, In practice some
such influence may exist, however, since the measured currents include
small contributions due to charges collected from the beam-created plasma

cloud, the spatial distribution of which is a function of flow velocity.

Based on the uncertainties in the measured currents, the remaining
error in the absolute values of the experimental densities is estimated to be
less than + 10%. The relative densities within a given flow cross-section are

subject to a smaller uncertainty { £ 5%) and are limited only by the finite

spatial resolution of the probe,
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IV, RESULTS AND DISCUSSION

Temperature and density measurements were made throughout the
flow inside the test nozzles, using nitrogen at a stagnation temperature of
To = 300°K. A range of nozzle Reynolds numbers (100 £ B £ 1500) was
obtained by varying the pressure, Py » in the stagnation chamber, The

stagnation chamber pressures required for a specific value of B are given
by

T
I

B/166 torr, for the 5 mm nozzle, (8)

and by

Po

B/83 torr, for the 2,5 mm nozzle, (9)
A representative selection of these measurements is presented in Figs, 19
to 30, In the first series of tests care was taken to ensure that the ambient
pressure (p_, = 2 to 10 w Hg) was always lower than the jet pressure at the

nozzle exit, so that the plumes were underexpanded,

1, Centerline Tempe rature

Temperature measurements at points on the centerline of the noz-
zle show a consistent pattern of change with Reynolds number (Fig, 19), Ex-
cept for the two lower curves all data in Fig., 19 are experimental, The
lower curve represents the ideal expansion, based on inviscid theory and
the actual area change in the nozzle, As expected, the departure from
inviscid theory becomes greater the smaller the Reynolds number, The
experimental error bars in Fig, 19 are random errors only and are based

on the signal-to-noise ratio in the rotational spectra,

Two distinctly different types of behavior are observed, For
B > 500 the axial temperatures decrease monotonically from throat to noz-
zle exit, For B <300, on the other hand, the temperatures pass through a
minimum near z = 6r, and then increase again towards the nozzle exit,

The temperature increase is the result of thermalization of the flow energy
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due to viscous dissipation. It must, therefore, be accompanied by a dec-
rease in velocity and Mach number. For B = 110 the temperatures deter-
mined near the exit lie above the sonic conditions for adiabatic flow. If
cross-streamline heat conduction is considered to be of relatively minor
importance in this region, then the flow emerging from the nozzle may be
regarded as subsonic. Hence, the flow in this case expands in the normal
manner to supersonic velocities just downstream of the throat (M« 1.8 at
z = Sr*), but then reverts back to subsonic flow in a viscous shock-free
transition, This type of behavior was predicted by Rae6 for this Reynolds
number, and the observation of this phenomenon represents strong support

for the validity of the slender -channel formulation,

A direct comparison of experiment with theory is given for B = 1230.
The theoretical curve, which was calculated for the present nozzle geometry
with the computer program developed by Rae, indicates agreement between
experiment and theory to within 3%, Computational difficulties were experienced
with the program when it was applied to the present nozzle geometry and a
Reynolds number of B = 110, At the present time, therefore, only a qualitative
substantiation of the slender-channel predictions is possible at this Reynolds
number, since the B = 110 solution presented by Rae6 was computed for a

o .
15~ expansion cone,

The temperature rise observed at low Reynolds numbers should not
be interpreted as a compression wave, since the experimental density and
pressure are decreasing in this region of the expansion (Figs. 21 and 22).
It, therefore, cannot be attributed to an upstream effect of the ambient gas.
As will be shown later, the basic shape of this temperature profile is not
altered by the external gas pressure, as long as the plume remains under-
expanded (po/po‘> = 250). The slowing down of a supersonic channel-
flow to subsonic speeds by viscous shear forces alone has not been previously
observed, The phenomenon is not altogether new, however, since such a
transition takes place in all supersonic compressible boundary layers.

In a nozzle it is associated with a frictional choking of the flow, insofar as
a decrease in ambient pressure will not increase the mass flow passed by

the nozzle, even when the entire flow is subsonic,
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Centerline temperatures at the nozzle exit increase with decreasing
Reynolds number in the manner shown in Fig, 20. For B > 1000 the value
of TE/To is only slightly greater than the inviscid value. As B decreases
further from 1000 to 100, however, TE/To increases, from 0.2 to 0.9,
and presumably remains close to unity for all values of B less than 100.
This experimental temperature curve suggests subsonic exit Mach numbers

for Reynolds numbers below 150.

2. Test for Rotational Freezing

The possibility of rotational nonequilibrium occurring in low-density
nozzle flows should be considered when the measuredrotational temperatures
are used to infer translational temperatures in the gas. Previous work,26’ 27
relating to rotational nonequilibrium in free jets of nitrogen expanding from
room temperature, has indicated that the point at which rotational freezing
occurs can be predicted approximately by assuming a ''sudden-freezing

criterion'' of the form

T
E.:L__UCL.-) (10)

Dt 2 Z,

so that, for steady one-dimensional flow near the axis, the rotational degrees

of freedom can be considered in equilibrium if

(11)

Here, w is the local flow velocity, vcol the molecular collision frequency,

Zr the rotational collision number, and T the equilibrium temperature calcu-

lated by neglecting relaxation effects., The factor of 1/2, which has been included,

enables Eq. (10) to correctly predict the onset of rotational freezing observed10
in free jets. A value of Zr = 5, in agreement with ultrasonic absorption

28,29

. 1 .
experiments and shock wave data 3 for room-temperature nitrogen,

has been used here for the rotational collision number,
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For nozzle flows the inequality (11) can be rewritten as

ML 2 ERNYA -] (12)
s |z Z

o od n (T/T,)
¢ R d(z/r,)

where M is the local Mach number and the 2 's are slowly varying

functions3o of temperature, describing the deviation of viscosity cross-

sections from rigid-sphere cross-sections.

Equation (12) can now be applied to the experimental conditions of
the present program to test for the possibility of rotational freezing in the
expansions, provided the equilibrium temperatures can be estimated. These
are, of course, different from the measured temperature if rotational freezing
occurs. If the isentropic curve in Fig. 19 is used to define the temperature
gradients, then Eq. (12) indicates the possibility of rotational freezing for
B 2300. This is too severe a test, however, because the actual gradients
in the equilibrium temperature are bound to be less than the inviscid

gradients.

A more realistic procedure is based on calculating approximate
equilibrium temperatures from the measured densities by means of the
isentropic law. This method provides a valid test, as can be seen by

inspecting the entropic equation of state, a differential form of which is

ddn T/Te _ oy [ddnese.) +_1d_s} (13)
dz dz R dz|-*

In the expansion, temperature and density gradients are both negative,

whereas the entropy gradient, dS/dz, is positive., Hence, for a given

density gradient, the absolute value of the temperature gradient becomes

smaller the more entropy there is produced along unit length of stream-

line. Neglect of the entropy production term, therefore, tends to over-

estimate the magnitude of the temperature gradient, so that this method

provides a conservative test for a possible rotational nonequilibrium. Tests,

based on the use of Eq. (13) with dS = 0 indicated that rotational freezing

effects are negligible for any of the flows described here.

3. Centerline Densities and Pressures

Experimental centerline densities, Q. , corresponding to conditions

discussed in Fig. 19 are given in Fig. 21. Again, there is evidence of two
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different types of behavior. Densities for B> 500 decrease in the expected
manner (note theoretical curve for B @ 1230) at a slower rate than predicted
by inviscid theory. For B< 200 the negative density gradient is consider-
ably steeper and exceeds the inviscid gradient near the nozzle exit. That
densities should drop more rapidly in a more viscous flow can be under-

stood by rewriting Eq. (13) in the form

ds _ _ R [d.ﬂn(-p/-p,)_. 4%(9/9,>J 14)
dz/r) g1 L d(z/n) d(z/1) (

The rate of entropy production along the centerline can be expected to be
greater the lower the Reynolds number because of the increased viscous
effects. Equation (14), therefore, predicts that for comparable pressure

gradients the density has to decrease faster at the lower Reynolds numbers.

For B = 590, density measurements were obtained with the 2.5 mm
nozzle as well as with the 5 mm nozzle (Fig. 21), and the experimental
values of Qc/Qo were found to be independent of nozzle size and nozzle
pressure ratio (po/po° ). This confirms that the results scale with B, and
that there is no pronounced difference in the flow when p /p_ is raised

[o] oo
from 300 to 1200. The latter is an indication that the experimental obser-

vations apply also to nozzles exhausting into a complete vacuum (po/pw—> oo ),

All density measurements were obtained at points where the gas
pressure was below 0.3 torr, and no corrections have been applied to
compensate for possible collisional quenching of the electron beam
luminescence. Density values measured near the throat for B = 590 and
1230 may be approximately 10% low due to collisional quenching. Collisional
quenching effects are considered negligible for all other values of B. Pos-
sible random errors in the centerline densities are also of the order of
£10%, owing to the limited accuracy with which the beam currents were
known (Section III).

Centerline pressures were derived from the measured temper -
atures and densities by making use of the equation of state for a perfect
gas. These pressure curves (solid lines) are compared with theory
(dotted lines) in Fig. 22. For the low Reynolds numbers the axial pressure
profiles appear to converge to an asymptotic limit, at which the normalized

pressures become independent of B. The full significance of this behavior
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is not clear at this time. All measurements indicate, however, that this
limit at B £ 100 represents a fully viscous, near-isothermal, subsonic,

near-free-molecular duct flow.

4, Off-Axis Measurements

Measured radial density profiles at four different Reynolds numbers
and at various axial positions are displayed in Figs. 23 to 26. Experi-
mental densities have been made dimensionless through division by the
centerline density at each particular axial position, z/r*. Radial distance,

r , is measured in units of the radial distance to the wall, T At Reynolds
numbers of B = 110 (Fig. 23) and B = 175 (Fig. 24) the normalized density pro-
files are approximately independent of axial position. For the density profiles
to be similar in this manner, it is required that at every cross-section
olﬂm.(Q/Qo)/d.(Z/Y'x) is approximately the same for all streamlines. If the
pressure profiles are assumed to be similar as well (certainly true in the
slender-channel approximation), then it is evident from Eq. (14) that the

rate of entropy production along streamlines is nearly constant over each
cross-section. This may be used as a definition of a '"fully viscous' flow.

For B = 110 the wall densities are approximately 60% of the centerline

densities. The corresponding value for B = 175 is 45%.

In contrast to the behavior observed at very low Reynolds numbers,
the radial density profiles for B = 590 display a marked dissimilarity
(Fig. 25). Near the throat at z/r, = 3.7 a small inviscid core exists in
this case. This inviscid core, however, shrinks to zero by the time the
flow reaches the nozzle exit., Here the entropy production along the
centerline is only significant near the exit of the nozzle., In contrast, the
entropy production along a streamline near the wall is important through-
out the length of the nozzle. For similar pressure histories along each
streamline, Eq. (14) then predicts that the density at the center should
decrease at a slower rate than the density near the wall. This produces

dissimilar density profiles in agreement with the observed ones.
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Two of the density profiles for B = 590 have been determined with
two different nozzles (Fig. 15). At z/r* = 13.7, the profile obtained in the
5 mm nozzle (solid curve) is identical with that obtained in the 2.5 mm
nozzle (broken curve) when allowance is made for the difference in spatial
resolution (Fig. 25). The corresponding profiles at z/r, = 3.7, however,
show a discrepancy, which cannot be entirely explained by the difference in
spatial resolution. It is believed that the discrepancy arises from small
differences in the wall contours at the throat for the two nozzles. Since the
throat regions were difficult to machine, and since the wall curvature at the
throats could not be measured accurately, it is possible that the longitudinal

throat radii of the nozzles were not similar,

Experimental and theoretical density profiles shown in Fig., 26
indicate that, at Reynolds numbers above 1000, an inviscid core persists
to the nozzle exit. The theoretical curves have been obtained with a
computer program based on the slender-channel formulationé. At an axial
position of z = 8.7r,, the theoretical and experimental density profiles show
good agreement. At this position, most of the discrepancy between theory
and experiment can be explained by the finite spatial resolution of the
experimental measurements, Significant differences between the theoret-
ical and experimental profiles exist, however, at other values of z/r*.
This is an indication that not all peculiarities of low-density nozzle flows

are fully taken into account by the theory.

The experimental profile nearest the throat exhibits a density
ridge near r/rW = 0.5, where the measured density is higher than on the
axis (Fig. 26). The density hump may indicate a weak compression wave
originating at the throat. This interpretation is supported by the recent
observa'cion31 of internal shock waves in high-pressure conical nozzles with
circular-arc throats. At low densities such shock waves would not be ex-
pected, but it is possible that a viscous compression wave may be generated

at a point where the wall curvature changes too abruptly.

For a limited number of experimental tests, performed in the 5 mm

nozzle, static temperatures were determined at off-axis points as well as on
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the centerline. The measured temperatures increase monotonically from
the centerline value to a gas temperature at the wall which is approximately
0.8 T0 (Fig. 27). This value is in agreement with predictions made by

Rae for an adiabatic wall with slip at the boundary. The radial temperature
profile for B = 175 (Fig. 27) provides evidence for the near-isothermal

character of the flow at very low Reynolds numbers.

Pressures calculated from the experimental temperatures and
densities are given in Fig. 28 for B = 590 and B = 175 and at a position
z = 13.7r,. The normalized temperature profiles are not the exact inverse
of the corresponding normalized density profiles, so that the derived pres-
sures are not constant across the flow. In fact, the observed wall pressures
are 30% and 40% below the centerline pressures for B = 590 and B = 175,
respectively. This suggests that the basic assumption of zero radial pres-
sure gradients in the slender-channel theory should be revised in order to

obtain a more accurate description of the flow.

It may be noted that the radial gradients of density, temperature and
pressure do not vanish at the wall, Because the radial coordinate makes an
angle of 20° with respect to the normal to the boundary, small negative radial
gradients are expected near the wall corresponding to the radial components
of the tangential gradients, The radial pressure gradient observed at the wall
(Figs. 28 and 29) is consistent with a zero normal pressure gradient, However,
the data indicate that there exist nonzero density and temperature gradients
in a direction normal to the "adiabatic' wall. This confirms the noncontinuum
character of the flow in this Reynolds number regime. The exact density
gradients at the wall could not be determined because of the finite spatial

resolution of the measurements (horizontal bars in Figs, 23 to 26).

Normalized profiles of density, temperature and pressure obtained
at a position close to the nozzle exit are consistent with those determined
further upstream. Fér a Reynolds number of 590 and a nozzle pressure
ratio of 310 (Fig. 29), the wall pressure near the nozzle lip is 35% below
the axial pressure. It is of interest here that the jet plume for this partic-

ular flow was the least underexpanded one of this experimental series. At
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the exit, the ambient pressure, p, , was below the pressure at the center
but was above the pressure at the wall. The observed radial pressure
distribution is thus evidently not caused by the low ambient pressure,

but may have to be considered a characteristic feature of low-Reynolds-
number expansions in nozzles. To check for possible flow separation in
this case, the gas properties near the wall were determined along the
length of the expansion cone (Fig. 30). No evidence of flow separation was

detected,

5., Effects of Ambient Pressure

Microthrust nozzles find applications in free space, yet have to be
tested and flight-rated in the laboratory. Unless a space simulation chamber
with an enormous pumping capacity is available, it is difficult to maintain a
high vacuum, when even a small steady mass flow (10-1 to 10_3g/s) must be
accommodated. It is therefore of interest to determine how low-density
nozzle flows are affected by non-zero ambient pressures, and how low this
pressure has to be for effective space simulation to be possible. At high
Reynolds numbers ( > 105) the supersonic portion of the flow fills almost
the entire cross-sectional area at the exit, apart from a thin boundary
layer, and the flow in the nozzle and in parts of the plume is effectively
isolated from the ambient conditions by shock waves originating at the
nozzle lip., Under these conditions the internal flow remains undisturbed,
whether the flow is highly underexpanded or slightly overexpanded. However,
at low Reynolds numbers the supersonic region is often restricted to a
narrow core, and external conditions are able to influence the internal flow

through the thick subsonic boundary layer.

A brief survey of this problem was conducted by flow visualization
of external plumes and by sample temperature measurements in the nozzle
and in the plume. For a given Reynolds number, different pressure ratios,
po/poo , were obtained by keeping P, constant and changing p_, . The
ambient pressure was varied by throttling the booster pump of the tunnel.
A series of photographs obtained with the 5 mm nozzle and showing the

plume structure for different nozzle pressure-ratios is reproduced in
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Fig. 31. The flow was made visible by the method discussed in Section III.
Regions of high luminosity represent regions of relatively high gas density.
The nozzle is at the right, and the flow is from right to left. The external
and internal diameters at the nozzle mouth are 48 mm and 42 mm, respect-
ively. Figure 31A shows a slightly underexpanded jet obtained at B = 450

and po/pm = 310. There is very little structure in this jet. The flow fills
the whole nozzle, and the density in the plume drops off gradually in all
directions. This type of flow field is representative of all the flows discussed

earlier for which temperatures and densities were determined.

At a Reynolds number of B = 1550, a nozzle pressure ratio of
approximately 300 is no longer sufficient to produce an underexpanded
plume (Fig. 31B). Here, the relatively high ambient pressure (28  Hg)
has caused flow separation inside the nozzle, The supersonic core is
enveloped by a barrel-shaped shock wave, which originates in the expansion
cone of the nozzle. As seen from the beam luminosity, the region surround-
ing the barrel shock appears to be occupied by stagnant gas at the ambient
pressure, As the ambient pressure is increased (po/pw decreased), the
point of flow separation moves further upstream in the nozzle (Fig. 31C and
D), and the plume shows a repetitive pattern of expansion diamonds, which
shrink in size as po/pw decreases. In Fig. 31D the first diamond is
entirely within the nozzle. The work of Love et al. 21 has shown that this
pattern of expansion diamonds occurs only when the jet pressure at the
plume origin is less than twice the ambient pressure. Hence, it is
concluded that, for cases shown in Figs. 31B to 31D, flow separation occurs
at a point where the static pressure in the flow has dropped to a value of
approximately 2p,, . From this point on the presence of the nozzle wall is

superfluous and has no influence on the jet plume, since the flow does not

follow it,

To obtain more quantitative data of the observed plume config-
urations, density profiles were recorded for selected positions in two

plumes of distinctly different structure. In Figs. 32 and 33 these density
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profiles have been arranged in the proper sequence and in line with corres-
ponding positions in a photographic record of the same jets. For both jets

the nozzle pressure ratio is just over 300.

At a Reynolds number of 590 (Fig. 32) the jet is underexpanded with
respect to the centerline pressure, but slightly overexpanded with respect
to the wall pressure at the exit. Nevertheless, there exists no evidence of
any shock waves in this plume, and the recorded density profiles have a
single peak, shich decreases with downstream distance, z', from the nozzle
mouth (z' = 0). These profiles form a consistent extension of the density

cross-sections determined just inside the nozzle (Fig. 25).

At a Reynolds number of 1550 (Fig. 33), the density profiles in
the plume are doubly peaked and indicate the presence of a barrel-shaped
shock, which is representative of an underexpanded free jet (compare with
Fig. 13). This barrel shock converges to a single density peak at
z' = 24r,, where the centerline density is more than twice the density at
the nozzle exit (see axial density profile above photograph in Fig., 33). This
particular plume has already been discussed in connection with Fig. 31B and
is typical of the jets for which high back pressure has caused separation
inside the nozzle, It may be noted that in this case the ambient pressure is
above the centerline pressure at the exit. Because of the thick subsonic
boundary layer there apparently exists no way in which these low-density
jets can be overexpanded in the conventional sense. As soon as the ambient
pressure exceeds the jet pressure at the nozzle exit, back-pressure effects
cause flow separation inside the nozzle to produce a slightly underexpanded
free jet with the characteristic barrel-shock configuration. Suchbarrel
shocks have also been observed inside nozzles by Yevseyev3 under similar

conditions,

It has been demonstrated here, that the maximum nozzle pressure
ratio, po/pw , which can be achieved in a given low-density facility, is of
prime importance for the testing of microthrust nozzles operating in the
low-Reynolds number regime. For the tunnel described in Sec. III, 1 and

for the nozzles tested here, these maximum pressure ratios have been
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plotted as a function of B in Fig. 34. The advantage of decreasing the
nozzle size to obtain higher pressure ratios is immediately evident. A
decrease of the throat diameter by a factor of 1/2 increases the maximum

pressure ratio by a factor of four at a specified Reynolds number.

Besides showing the ''external'' pressure ratio, po/pw , for the
two nozzles, Fig. 34 also gives the experimentally determined "internal"
pressure ratios, (po/pw)EXIT and (po/pC)EXIT’ where p_ and p. represent
gas pressures at the wall and on the center of the jet, respectively. Note
that these two quantities, measured with two different nozzles and at dif-
ferent values of po/pw , fall on two separate but continuous curves. This
gives additional support to the previous observation, that the internal gas
pressures near the exit are not affected by the ambient conditions as long
as the plume is underexpanded, and that under these conditions the wall
pressure at the exit is up to 40% lower than the centerline pressure. Truely
underexpanded conditions can be achieved with the 5 mm nozzle only for
B «350, whereas the 2.5 mm nozzle can be operated at underexpanded pressure

ratios up to B ~ 2000.

Flow-visualization photographs (Figs. 35 A, B, C) of plumes
produced by the 2.5 mm nozzle with high nozzle pressure ratios (po/pw =
1000) exhibit again the rather featureless ''supersonic' underexpanded plumes,
which are quite different from those studied by Love et al. 21 at higher
Reynolds numbers. (The lengths of the photographs represent an actual
distance of 11.5 cm). The Reynolds number (B = 1230) and pressure ratio
(po/pw = 190) for the plume in Fig. 35D are similar to conditions for the
jet in Fig. 31C, which was obtained with the 5 mm nozzle. Accordingly,
the plumes of these two jets are also very similar, both showing flow

separation well inside the nozzle,

When the centerline temperature near the nozzle exit (TE) is
monitored as a function of po/pw , the behavior shown in Fig. 36 is
observed. The point of observation, E, lay one throat diameter downstream
of the nozzle exit. The lower curve in Fig, 36 was obtained at a nozzle
Reynolds number of 590. In the region where the plume is underexpanded

with respect to the centerline pressure at the exit (po/pm > 200), no change
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in T is observed when po/pco is changed from 1000 to 200. In this range
of pressure ratios, the ambient pressure has, therefore, little or no
influence on the expansion in the nozzle. As po/poo is decreased further,
however, TE rises and falls in a cyclic manner, which correlates with

the observed plume patterns described above. As the ambient pressure
rises, the shrinking diamond pattern moves through the point E. At A

this point lies within the first diamond; at B and C it lies inside the second
and third expansion cells, respectively. Eventually, as po/poo approaches
unity, the flow remains subsonic throughout the nozzle, and TE approaches

T .
o]

This cyclic behavior is not observed in the fully viscous flow
regime. At B = 175 the exit temperature increases monotonically as
po/pw is decreased from 103 to below 10. Most of the change occurs for
pressure ratios between 102 and 10. However, even for underexpanded
pressure ratios (po/pw > 200) a possible small variation of T with
po/pw was observed for the two different nozzles, These measurements
indicate that there exists a possible upstream influence due to the ambient
pressure at very low Reynolds numbers. To investigate this upstream
influence, axial temperatures were measured throughout the nozzle at

several pressure ratios,

For B = 175 such measurements were performed for pressure
ratios ranging over more than an order of magnitude from 90 to 930 (Fig. 37).
Most of the adjustment in the axial temperatures, over the '"underexpanded"
range of pressure ratios, was found to take place outside the nozzle; although
some influence is observed at points which lie several molecular mean
free paths inside the nozzle, The fundamental shape of the temperature
curve remains unaltered, however, so that the profiles in Fig. 19 can indeed
be considered as representative for the entire underexpanded range, No
measurable change in any of the centerline temperatures was observed for

B = 590 as po/pw was varied by a factor of four (Fig. 37).

6. Discharge Coefficients

Measured mass flow rates were used to calculate discharge

coefficients, C for the nozzles and flow conditions studied. The discharge

D,
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coefficient for a nozzle is defined as the actual mass flow divided by the

ideal inviscid mass flow, The values of CD obtained are plotted as a

function of B in Fig. 38. These range from 0.9 at B = 1000 to approx-
imately 0.75 at B = 100. In addition to the present values, the diagram also
contains discharge coefficients predicted by Rae” and previous

experimental values by Massier et al. 2 and by Milliganl. There exists

an approximate agreement among the data, Specific comparisons are not
possible, however, because the nozzle configurations and operating conditions
were all different, Table 2 lists the significant parameters which are necessary
to define the nozzle geometry and flow conditions. Besides throat diameter,
Reynolds number, and pressure tario, this table specifies wall angles for

the subsonic and supersonic sections, 61 and 6,, the longitudinal radius of

2’
curvature, Ty at the throat, and the maximum area ratio, AE/A>‘<’ in the

supersonic expansion cone,

It should be noted that previous experimental data were obtained at
relatively small wall angles (62 = 10°) and at very low pressure ratios., The
pressure ratio for a choked nozzle flow is not expected to affect CD at large
Reynolds numbers. At B « 500, however, some influence of po/poa on
CD would be expected. The deviation of the present data from Milligan's
measurements may well be due to the difference in the experimental pressure

ratios.
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V. SUMMARY

The electron-beam technique has been extended to the study of

internal nozzle flows at Reynolds numbers between 100 and 1500. Point
measurements of gas temperature and density were made in nozzles which
have a relatively sharp throat and a conical supersonic section with a 20°
wall angle. The expanding flows were found to exhibit two different types of

behavior, each characteristic of a particular Reynolds number range.

For B > 500 a small inviscid core was found to exist in the flow.
This core extends to the nozzle exit at Reynolds numbers approaching
1000, In this range of B, centerline temperatures decrease monot-
onically from the throat to the exit, and the axial density and pressure
gradients become less steep with lower Reynolds number. Radial density
profiles are dissimilar along the length of the nozzle, because the rate of

entropy production is less near the axis than it is near the wall.

For B <« 300 the flow is fully viscous with no indication of any isen-
tropic core. Centerline temperatures first decrease, but then increase
again towards the nozzle exit. The increase in temperature is brought about
through conversion of directed flow energy into thermal energy by the action

of the viscous shear stresses, Density and pressure, however, decrease

in the region where the temperature rises. In fact, at these values of B, the
centerline densities fall off faster with distance than they do at higher
Reynolds numbers. Owing to the uniform production of entropy across the
flow, the radial density profiles are approximately similar throughout the
nozzle. Normalized axial pressure profiles appear to become independent

of B for Reynolds numbers below 100. For B # 100, temperatures measured
at the exit indicate subsonic flow, even though supersonic flow exists further
upstream. This substantiates the prediction by Rae6 of a supersonic "bubble"

embedded in the expanding flow at this Reynolds number.

Over the entire Reynolds number range studied, significant negative
radial pressure gradients were found to exist throughout the nozzle. Under

conditions for which the flow near the exit is underexpanded, these gradients
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are believed to be insensitive to ambient pressure levels. At B = 600, ex-
perimental wall pressures are approximately 30% lower than pressures near
the axis, whereas at Reynolds numbers near 100 the wall pressures are 40%
lower. This feature should be taken into account when formulating a new

improved version of the theory.

A survey of ambient-pressure effects on the flow in the nozzle showed
that flow separation occurs well upstream of the nozzle exit when the external
pressure exceeds the static jet pressure near the exit. Under these condi-
tions, the plume resembles that of a slightly underexpanded free jet origi-
nating at the point of separation in the expansion cone of the nozzle. When
the ambient pressure is less than the nozzle exit pressure, however, the gas
properties along the centerline appear to be insensitive to changes in the
back pressure. Nozzles destined for space operation must be tested at
sufficiently low ambient pressure to ensure underexpanded exit conditions.

For B 4 300 extremely low ambient pressures may be necessary to eliminate

all back-pressure effects.

The experiments discussed here have produced a significant gain
in the understanding of viscous flows in nozzles and ducts. Predictions of

the slender-channel theory have been substantiated experimentally, and
suggestions for improving the theory have been made,

The development of an accurate theory is essential for the optimi-
zation of microthrusters, since a much wider range of nozzle geometries
and flow conditions can be studied by theory than is practical experimentally.
Nevertheless, additional experimental work is warranted in which the effects
of different nozzle geometry (wall angle, throat roundness, nozzle length) on
the flow are determined. The variations produced in nozzle performance by
different gases, by heated or cooled walls, by wall transpiration, by radial

swirl, or by species diffusion are also of practical interest,
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Figure 1 ROTATIONAL FINE-STRUCTURE IN
THE R-BRANCH OF THE 0-O BAND
OF THE N3 (1-) SYSTEM AT TWO
DIFFERENT TEMPERATURES,
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Figure 2 SEMI-LOGARITHMIC PLOT OF NORMALIZED LINE INTENSITIES VERSUS

K’ (K’ + 1), ILLUSTRATING METHOD OF DATA REDUCTION FOR BANDS
SHOWN IN FIG. 1
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Figure 3 LOW-DENSITY FLOW FACILITY WITH ELECTRON GUN
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Figure 4 LOW-DENSITY FLOW FACILITY
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MASS FLOW OF NITROGEN (g /min)

LOW DENSITY TUNNEL
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TEST SECTION PRESSURE, , H
Py (ftHg)

Figure 5 MASS FLOW CAPABILITY OF LOW-DENSITY TUNNEL FOR NITROGEN
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Figure 9 OPTICAL IMAGING AND SCANNING SYSTEMS (REAR VIEW SHOWING LINKAGE AND
DRIVE MECHANISM FOR ROTATING MIRROR)
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Figure 10 LOW-DENSITY TUNNEL WITH ELECTRON GUN AND
OPTICAL INSTRUMENTATION
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Ar
Po = 31 4 Hg
He
P ™ 50 ) Hg
C02

=274 H
poo M Hg

Figure 11 FREE JET PLUMES OF ARGON, HELIUM AND CARBON-DIOXIDE
(po = 9.8 Torr)




P, = 9800 4 Hg

R =29 /LHg

B

P, = 4200 A Hg

P, = 13 A Hg

Po = 4200 4 Hg

P =424 Hg

Figure 12 NITROGEN FREE JETS
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12

9.4 x 10'4
MOLEC./cmS
(Pm = 29 UL Hg)
32 ‘
36
z/r =40
*

l-( 10cm )l *
Figure 13 RADIAL DENSITY PROFILES AT VARIOUS AXIAL POSITIONS IN
THE FREE-JET PLUME OF FIGURE 12A (r* = 2.5 mm)
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Figure 14 ELECTRON-BEAM MEASUREMENTS
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ALONG THE CENTERLINE OF A
FREE-JET (p, r, = 23 Torr-mm)
T, = 300°K

Po = 9.2 Torr

r 2.5 mm

*

60

) P




THROAT —>|
€ 50.7 mm _..1
EPOXY lt——————— 47.5 —»—1
MOUNTING c——— 34.8 —>‘

FLANGE lac— 22.1 —’I
. . | ‘

20°

l‘ CENTERLINE

0-RING : |— PAPER AND

EPOXY INSULATION

THROAT —> 25.4
“——mm >
<——23.7—>
—17.4—>
{(2) 1/4 mm HOLES
11.0 — /,/_

-

20°
Y _ CENTERLINE

\— PAPER AND

EPOXY INSULATION

¢t— EPOXY MOUNTING FLANGE

Figure 15 GRAPHITE NOZZLES WITH THROAT DIAMETERS OF 5 mm AND 2.5 mm
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Figure 177 PHOTOGRAPH OF ELECTRON BEAM
INSIDE NOZZLE




NOzZZLE  Pe (Ic Joo> ( I_J ) (%%)
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ELECTRON BEAM o
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= -l |

e 2 ) CORRECTED
| 5 = PROFILE
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Z L =4 N
7 c -
>

(A) CONSTANT DENSITY (
CALIBRATION

INTENSITY RATIO = ;/T__
MEASURED CURRENT
RATIO = J;/J

- >

|

¢

|

B) DENSITY CROSS-SECTION
OF NOZZLE FLOW

MEASURED CURRENT
RATIO = J; /J_

Figure 18 DETERMINATION OF RADIAL DENSITY

PROFILES INS
RECORD FOR

IDE NOZZLE (ACTUAL
B =590, z/r, = 18.7)
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1.0

T/T,

0.2

| B = 1230,
Po/R,, = 1250

B =110, py/p_= 240

M=1
(ADIAB.)

__M=2
(ADIAB.)

B = 260,
! po/poo =270

B iz NOZZLE
LiP

0 1 1

0 (THROAT)

10 20

z/r*'

Figure 19 MEASURED GAS TEMPERATURES

ALONG NOZZLE AXIS FOR MAX-
IMUM NOZZLE PRESSURE
RATIOS (po/poo)

OPEN SYMBOLS: 5 mm NOZZLE
FILLED SYMBOLS: 2.5 mm NOZZLE
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—
- OPEN SYMBOLS: 5mm NOZZLE, pg/peo™ 270
- FILLED SYMBOLS: 2.56mm NOZZLE, po/poo= 1200

THEORY

_ B, ¥B=1230
w2l B = 1230 4 x VB>
E ‘ iB =175
~ B =110
— THEORY :
- B = 0O
NOZZLE LIP
w3l o o |
0 10 20
z/r

*

Figure 21 CENTERLINE DENSITIES AT MAXI-
MUM NOZZLE PRESSURE RATIOS
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10°3

NOZZLE LIP

Figure 22

CENTERLINE PRESSURES DERIVED
FROM MEASURED DENSITIES AND
TEMPERATURES (FIGS. 19 AND 21)
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1.0 T T T T T T T

18.7
0.6 413.7

\— 6.2
S~ 3.7
(2]
& — —
QU
0.4 ~
SPATIAL RESOLUTION
— z/r* =37
= z/r =18.7
0.2 * -
B=110
0 i | | f l | ] | ]
0 0.5 1.0

Figure 23 MEASURED RADIAL DENSITY PROFILES IN THE 5 mm NOZZLE AT B = 110
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0.8 ]
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< | _
NN 3.7
< —
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l«— 18.7
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SPATIAL RESOLUTION
- — z/r* =3.7 _
= z/lr =18.7
*
0.2 -
B=175
0 i ] I | l | | | |
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Figure 24 MEASURED RADIAL DENSITY PROFILES IN THE 5 mm NOZZLE ATB = 175
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1.0 .
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0.6 3.7
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AN - —_
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\
04— \ -
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B =590 N
N
— N —
N -«——— 87
SPATIAL RESOLUTION ~~
137
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0.2~ NOZZLE NOZZLE = <«—— 187
— — | 37
N —t —_ 13.7 |
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0 0.5 1.0
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Figure 26 MEASURED RADIAL DENSITY PROFILES IN THE 5 mm AND 2.5 mm NOZZLES
AT B =590
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1.0
0 z/r*
.8
THEORY | 37
0.6+
EXPERIMENT
SN .
A B
041
:]_8.7
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0.2+ P—— 2/r =37 18,7
—t z/r =187 «—l
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Figure 26 MEASURED AND CALCULATED RADIAL DENSITY PROFILES IN THE
2.5 mm NOZZLE AT B = 1230
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1.0 T

T/T,

0.2 —

N L N 1 L1
0 0.5 1.0
r/r

w

Figure 27 RADIAL TEMPERATURE PROFILES AT 2/r_ = 13.7 FOR TWO DIFFERENT REYNOLDS
NUMBERS (p/p_ 2~ 300)
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p/p,
I

0.4 —

0.2 —

0 0.5 1.0

r/rW

Figure 28 EXPERIMENTAL RADIAL PRESSURE PROFILES AT z/r = 13.7 FOR
TWO DIFFERENT REYNOLDS NUMBERS (polpmz 300)
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WALL

Figure 29

05 1.0
r/ry
EXPERIMENTAL VARIATION OF
NORMALIZED TEMPERATURE,
DENSITY AND PRESSURE WITH
RADIAL DISTANCE NEAR NOZZLE
EXIT (z/r* =18.7). B=590,
po/poo= 310
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Figure 30 GAS PROPERTIES ALONG NOZZLE
WALL FOR B =590, po/poo= 310
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RADIAL PROFILES
AT POINTS INDICATED

£} 2’fr =4
*

4 -]‘ . $ 4 e N
35x 1014 =1
molecules/cm3

v B R BT
— ' ' —. 24

€——— 8.7 cm —— P

1}

Figure 32 DENSITY PROFILES IN PLUME OF 5 mm NOZZLE FOR B = 590
AND po/p =310 (p_ =11/ Hg)
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R NOZZLE
e LIP (2 = o)

AXIAL DENSITY PROFILE

RADIAL DENSITY PROFILES
(CENTERLINES LINE UP WITH
POSITIONS IN PLUME SHOWN
IN PHOTOGRAPH)

v

9.2x 1014
molecules/cm3

I €<——————— 8.7 cm——————)'
Figure 33 DENSITY PROFILES IN PLUME OF 5 mm NOZZLE FOR B = 1550
AND p,/p,, =325 (p_ = 28.5/ Hg)
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2.5 mm NOZZLE
1000 p— —
=
X -
w
A
L |
— - (29_)
R': Pw! EXIT
5 o /
T /
n.°ln.° ®
gle i /
) /
ol 8 / (po)
Qla —_— —
500 r' / Pe | EXIT
/
= / //
O
s Vd
e
[ — Po/P_FOR
— i 5 mm NOZZLE
- —_ : /O
— - ’O _ -
”o -
a—
ol 1 1} | n T l 1 L1
100 1000

Figure 34 MAXIMUM NOZZLE PRESSURE RATIOS FOR THE TWO NOZZLES AS
A FUNCTION OF REYNOLDS NUMBER, ALSO EXPERIMENTAL INTERNAL
PRESSURE RATIOS (py/Py)ExiT AND (Po/PlEXIT

O 5 mm NOZZLE
® 25 mm NOZZLE
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Figure 35

FLOW-VISUALIZATION PHOTOGRAPHS FOR 2-5 mm NOZZLE

AT VARIOUS VALUES OF B AND po/pm
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Figure 36 JET TEMPERATURE JUST DOWN-
STREAM OF NOZZLE LIP AS A
FUNCTION OF AMBIENT
PRESSURE (poo ) (POINT E IS ON
AXIS AND 2r_"BEYOND EXIT
PLANE)

o 5 mm NOZZLE
e 25 mm NOZZLE
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1.0~

OPEN SYMBOLS: 5 mm NOZZLE
FILLED SYMBOLS: 2.5 mm NOZZLE

0.8 |- Po/Poo

- 90 (&)
260 (O)

NOZZLE LIP

T~ g 310 (0

1130 (o)
0.2

i
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-
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-
.....
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Figure 37 EFFECT OF AMBIENT PRESSURE
ON CENTERLINE TEMPERATURES
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PRESENT EXPERIMENTS - 5 mm NOZZLE
PRESENT EXPERIMENTS - 2.5 mm NOZZLE

o
.
+ RAE (1969) - THEORY

- MASSIER ET AL. (1970) - EXPERIMENT .
L. O MILLIGAN (1964) - EXPERIMENT

0 JJJI ¢L1J;IUJ| SR RN

102 108 104
B

Figure 38 MEASURED DISCHARGE COEFFICIENTS
COMPARED WITH PREVIOUS DATA -
SEE ALSO TABLE 2
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